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ABSTRACT Toward the goal of developing an effective HIV vaccine that can be ad-
ministered in infancy to protect against postnatal and lifelong sexual HIV transmis-
sion risks, the current pilot study was designed to compare the effect of novel adju-
vants on the induction of HIV Env-specific antibody responses in infant macaques.
Aligning our studies with the adjuvanted proteins evaluated in a prime-boost sched-
ule with ALVAC in the ongoing HVTN (HIV Vaccine Trials Network) 702 efficacy trial,
we selected the bivalent clade C Env immunogens gp120 C.1086 and gp120 TV1 in
combination with the MF59 adjuvant. However, we hypothesized that the adjuvant
system AS01, that is included in the pediatric RTS,S malaria vaccine, would promote
Env-specific antibody responses superior to those of the oil-in-water MF59 emulsion
adjuvant. In a second study arm, we compared two emulsions, glucopyranosyl lipid
adjuvant formulated in a stable emulsion (GLA-SE) and 3M-052-SE, containing Toll-
like receptor 4 (TLR4) and TLR7/TLR8 (TLR7/8) ligand, respectively. The latter adju-
vant had been previously demonstrated to be especially effective in activating neo-
natal antigen-presenting cells. Our results demonstrate that different adjuvants drive
quantitatively or qualitatively distinct responses to the bivalent Env vaccine. AS01 in-
duced higher Env-specific plasma IgG antibody levels than the antigen in MF59 and
promoted improved antibody function in infants, and 3M-052-SE outperformed
GLA-SE by inducing the highest breadth and functionality of antibody responses.
Thus, distinct adjuvants are likely to be required for maximizing vaccine-elicited im-
mune responses in infants, particularly when immunization in infancy aims to elicit
both perinatal and lifelong immunity against challenging pathogens such as HIV.

IMPORTANCE Alum remains the adjuvant of choice for pediatric vaccines. Yet the
distinct nature of the developing immune system in infants likely requires novel ad-
juvants targeted specifically at the pediatric population to reach maximal vaccine ef-
ficacy with an acceptable safety profile. The current study supports the idea that ad-
ditional adjuvants for pediatric vaccines should be, and need to be, tested in infants
for their potential to enhance immune responses. Using an infant macaque model,
our results suggest that both AS01 and 3M-052-SE can significantly improve and
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better sustain HIV Env-specific antibody responses than alum. Despite the limited
number of animals, the results revealed interesting differences that warrant further
testing of promising novel adjuvant candidates in larger preclinical and clinical stud-
ies to define the mechanisms leading to adjuvant-improved antibody responses and
to identify targets for adjuvant and vaccine optimization.

KEYWORDS HIV, adjuvant, antibody response, pediatric vaccine

The majority of human vaccines mediate protection via the induction of effective
antibody responses. Effective antibody responses are dependent on antibody

maturation that takes place in germinal centers of secondary lymphoid organs. Follic-
ular T helper (Tfh) cells play a critical role in the activation of germinal center B cells by
providing signals that promote somatic hypermutation (1). The activation of Tfh in turn
depends on their stimulation by antigen-presenting cells (APCs). In infants, APCs exhibit
reduced responses to ligation of pathogen recognition receptors (PRRs), such as
Toll-like receptors (TLRs) (2); frequencies of Tfh are reduced (3, 4), and somatic hyper-
mutation of infant antibodies is limited (5). Thus, the development of vaccines targeted
at the pediatric population is faced with several unique challenges. Some of these
challenges could be overcome by enhancing vaccine immunogenicity through the use
of novel adjuvants. For instance, alum and oil-in-water-based adjuvants, such as
squalene-based emulsions, enhance antigen uptake and promote activation and mi-
gration of APCs to lymph nodes (LNs) but are not potent inducers of cellular responses
against intracellular pathogens, such as human immunodeficiency virus (HIV). In con-
trast, monophosphoryl lipid A (MPL), a detoxified lipopolysaccharide (LPS) TLR4 agonist,
can directly activate the PRR TLR4 on APCs, induce the maturation of APCs, and
promote the induction of T helper 1 (Th1) immune responses (6, 7). In infants, however,
TLR4 stimulation of APCs, at least in vitro, results in poor production of interleukin-12
(IL-12), a cytokine necessary for Th1 responses and NK cell-mediated antiviral immunity
(2, 8, 9).

Nonetheless, the results of the RTS,S malaria vaccine trial, that included the adjuvant
system AS01, a liposome-based formulation that contains MPL and Quillaja saponaria
Molina fraction 21 (QS-21), were encouraging. In fact, the WHO and the Malaria Vaccine
Implementation Programme will make this RTS,S malaria vaccine available in selected
areas of three sub-Saharan African countries for a pilot phase this year through a
routine pediatric immunization program in children aged 5 to 17 months (10). Of note,
AS01 is included in the licensed herpes zoster vaccine for older adults, a population at
the other end of the age spectrum, in which the efficacy of several vaccines is generally
also reduced (11, 12).

In vitro studies have repeatedly demonstrated that, among the TLR agonists avail-
able for testing, low-molecular-weight imidazoquinolines that activate TLR7/TLR8
(TLR7/8) act as the most potent inducers of IL-12 in infant APCs (9, 13). Imidazoquino-
lines have not yet been approved as vaccine adjuvants due to concerns about reacto-
genicity when they are administered systemically. However, chemical modifications of
imidazoquinolines and their formulation with alum, squalene, or liposomes (6, 14)
resulted in an improved safety profile, at least in animal studies. The potential of TLR7/8
agonists as pediatric vaccine adjuvants was highlighted by a study in infant macaques
that compared the immunogenicity of the pneumococcal vaccine (PCV), which is poorly
immunogenic in human infants, in the presence and absence of the TLR7/8-based
adjuvant 3M-052. The inclusion of 3M-052 in the alum-adjuvanted PCV resulted in a
significantly accelerated and enhanced antibody response in infant rhesus macaques
(15).

Based on these findings and consistent with our long-term goal of developing an
effective HIV vaccine that can be administered along with other routine vaccines in
infancy to protect against both postnatal (e.g., through breastfeeding) and lifelong
sexual HIV transmission risks, the current pilot study was designed to compare the
effects of distinct adjuvants on the induction of HIV Env-specific antibody responses in
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infant macaques. Considering the distinct nature of the developing immune system in
infants, adjuvants may drive quantitatively or qualitatively distinct responses to a given
vaccine in an infant compared to those in adults, suggesting that distinct adjuvants are
likely to be required for maximizing vaccine-elicited immune responses in infants. We
hypothesized that the adjuvantation of an HIV Env vaccine with AS01 would result in
superior antibody responses in infant rhesus macaques compared to responses with
alum and also with MF59. MF59 was included because only a few studies have
compared AS01 to emulsion adjuvants (16). In parallel, we assessed whether another
TLR4-based adjuvant, the synthetic TLR4 ligand glucopyranosyl lipid adjuvant formu-
lated in a stable emulsion (GLA-SE), which has been documented to increase the
immunogenicity of influenza vaccine and an experimental Epstein-Barr virus (EBV)
vaccine in preclinical studies (17, 18), could also improve upon alum-adjuvanted
vaccine responses. In addition, we explored the potential of the TLR7/8-based adjuvant
3M-052 formulated in stable emulsion (3M-052-SE) for enhancing infant Env-specific
antibody responses. This pilot study, with the caveat of small group sizes, suggests that
adjuvants targeting TLR4 or TLR7/8 can enhance the magnitude and quality of infant
Env-specific antibody responses compared to responses with squalene or alum only.

RESULTS
Vaccine regimens and animal groups. We recently demonstrated that HIV Env

protein immunizations are effective in inducing robust Env-specific antibody responses
in infant macaques (19). In that study, systemic and mucosal immune responses were
targeted by administration of Env protein by both the intramuscular (i.m.) and the
intranasal (i.n.) routes, with adjuvants of Span85-Tween 80-squalene (STS) adjuvant for
i.m. immunizations and with the TLR7/8 agonist R848 for i.n. administration. With the
potential of i.n. vaccines to cause adverse side effects in the central nervous system
(CNS) being a major safety concern, the current study was designed to evaluate
different adjuvants for their potentials to enhance antibody responses to i.m. admin-
istered vaccines. The immunogen consisted of two clade C Env proteins, gp120 of
C.1086 and gp120 of TV1c8 (here, TV1), because the majority of pediatric HIV infections
occur in sub-Saharan Africa where clade C HIV represents the most prevalent clade. The
Env from HIV C.1086 was isolated from a transmitted/founder virus, and TV1 Env was
derived from an HIV-infected adult in the early chronic-infection stage (20). This
bivalent HIV subtype C gp120 protein vaccine has been developed to be similar in
immunogenicity and epitope presentation to the clade B and AE Env proteins used in
the RV144 HIV vaccine trial that showed moderate efficacy (20–23). In fact, the C.1086
and the TV1 Env immunogens adjuvanted with MF59 in a prime-boost regimen with
ALVAC-HIV (vCP2438) are currently being tested in the HVTN (HIV Vaccine Trials
Network) 702 HIV vaccine trial in Africa, thus enhancing the translational potential of
our study. Consistent with the nature of this study as a pilot study, we did not include
additional antigens or vaccine modalities. We had two study arms (Table 1). Arm 1
compared the AS01 (n � 4) and MF59 (n � 4) adjuvants for their abilities to enhance

TABLE 1 Adjuvant groups

Arm and groupa Adjuvant Adjuvant dose Injection vol (�l)

1
A Al(OH)3 225 �g 250
B AS01 125 �lb 250
C MF59 125 �lc 250

2
D Al(OH)3 225 �g 250
E 3M-052-SE 30 �g (with 2% oil) 500
F GLA-SE 5 �g (with 2% oil) 500

aAll animals were vaccinated with 15 �g of C.1086 gp120 and 15 �g of TV1 gp120.
bA dose of 125 �l of AS01 contains 25 �g of MPL and 25 �g of QS-21 in a liposome-based formulation.
cThe source material for MF59 was twice concentrated.
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Env-specific antibody responses. In arm 2, we tested whether agonists to two distinct
TLRs, the intracellular TLR7/8 (n � 4) or the surface-expressed TLR4 (n � 4), both
formulated in a stable emulsion (SE), would differ in their abilities to increase Env-
specific antibody responses in infant macaques. As a control, we included two infants
in each study arm that received the Env proteins in alum.

Early pediatric HIV vaccine immunogenicity studies in human infants had demonstrated
that an accelerated vaccine interval regimen at 0, 2, and 8 weeks of age was able to induce
Env-specific antibody responses in neonates (24–27). Our prior studies in the pediatric
rhesus macaque model confirmed that accelerated immunization regimens are effective in
inducing antibody responses to simian immunodeficiency (SIV) vaccines (28–33). Therefore,
we selected a similar vaccine interval in the current study, with immunizations being
administered to neonatal/infant macaques at 0, 2, and 6 weeks of age.

Antibody responses in blood were evaluated at week 8, 2 weeks after the last boost
when we expected maximum responses, and at week 12 to assess the short-term
durability of the responses. A single lymph node biopsy was performed at week 10 to
measure gp120-specific B cells. In this pilot study, animals were followed only for 12
weeks, a time deemed sufficient to assess the adjuvant effect on antibody induction.
Each group contained four infant macaques, with the exception of the alum vaccine
groups that had two animals each. The small group sizes were selected to allow direct,
uncorrected comparisons of the antibody responses between novel adjuvant groups
that could reach significance in a rank test.

Importantly, none of the adjuvants were associated with unusual inflammation or
local skin reaction at the administration site or systemic adverse reactions, such as fever,
in any of the animals.

Adjuvant-dependent magnitude of plasma Env-specific IgG antibodies. Inde-
pendent of the adjuvant, animals in all groups of both study arms developed plasma
Env-specific IgG antibody responses to the two Env immunogens (Fig. 1). In arm 1,
infant macaques receiving the Env vaccine with AS01 or MF59 had developed higher
mean C.1086 gp120-specific plasma IgG antibody levels after the second immunization
(week 4) than infants immunized with alum-adjuvanted vaccine, but mean Env-specific
plasma IgG antibody concentrations did not differ between the AS01-adjuvanted
(mean, 4.2 log10 ng/ml) and MF59-adjuvanted (mean, 3.4 log10 ng/ml) groups. How-
ever, at week 8, 2 weeks after the third and final immunization, animals in the AS01
group had 6.5-fold higher Env-specific plasma IgG antibody levels than the animals in
the MF59 group (P � 0.0286) (Fig. 1). The mean C.1086 gp120-specific plasma IgG
antibody concentrations were 35.6- and 5.4-fold higher in AS01-adjuvanted (mean, 5.1
log10 ng/ml) and MF59-adjuvanted (mean, 4.3 log10 ng/ml) animals, respectively, than
the level in the alum-adjuvanted animals (mean, 3.5 log10 ng/ml). Despite a slightly
sharper decline in Env-specific plasma IgG antibodies from week 8 to 12 in the AS01
group (mean concentration at week 12, 4.4 log10 ng/ml) than in the MF59 and alum
groups (mean week 12 concentrations of 3.9 log10 ng/ml and 3.0 log10 ng/ml, respec-
tively), these infants still had the highest Env-specific plasma IgG antibody levels in arm
1 (Fig. 1). Responses to TV1 gp120 immunogen were almost 1 log lower but followed
a similar trend (Fig. 1B and C). TV1 gp120-specific plasma IgG antibody levels were
highest in animals receiving the AS01-adjuvanted vaccine. The magnitude of TV1-
specific plasma IgG in the AS01 group exceeded the responses induced by MF59-
adjuvanted vaccine at 2 and 4 weeks after the third immunization (P � 0.0286), but by
week 12, 6 weeks after the last immunization, TV1-specific IgG levels were comparable
between the AS01 and MF59 groups (Fig. 1B).

In arm 2, differences in Env-specific plasma IgG antibody concentrations depending
on the vaccine adjuvant GLA-SE or 3M-052-SE used became apparent only after the
third immunization. Infants vaccinated with 3M-052-SE-adjuvanted vaccine had devel-
oped the highest C.1086 gp120-specific plasma IgG antibody concentrations of all
groups (Fig. 1A), with mean Env-specific plasma IgG antibody concentrations being
about 1 log higher (P � 0.0286) than responses induced by GLA-SE-adjuvanted vaccine
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FIG 1 Env-specific plasma IgG antibodies. (A and B) The kinetics of C.1086- and TV1-specific plasma IgG antibodies
induced by vaccination with Env protein given in the presence of different adjuvants. Animals in arm 1 received the
vaccine with alum, AS01, or MF59, as indicated. In arm 2, the vaccine was adjuvanted with alum, 3M-052-SE, or
GLA-SE, as indicated. Mean values � SD are graphed. Black arrows underneath the x axes indicate the immunization
time points at weeks 0, 2, and 6. The asterisk (*) indicates statistically significant differences between the
gp120-specific antibody concentrations induced by AS01 versus those induced by MF59-adjuvanted vaccines or by
3M-052-SE versus GLA-SE-adjuvanted vaccines (Mann-Whitney test; P � 0.0286). (C) The data illustrate the reduced
magnitude of plasma IgG antibodies to gp120 of TV1 compared to the level of the gp120 protein of C.1086 at week
8, 2 weeks after the last immunization. Responses by the same animal in each of the adjuvant groups are
represented by a connecting line.
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and 2 logs higher than responses elicited by alum-adjuvanted vaccine (Fig. 1A). Similar
to our findings in arm 1, responses to the TV1 Env immunogen were of lower
magnitude than the response to the C.1086 Env (about 0.5 log) (Fig. 1C), but the same
hierarchy was observed, with plasma IgG concentrations being consistently higher after
the third and last immunization in animals that received the vaccine in the presence of
the 3M-052-SE adjuvant (P � 0.0286) (Fig. 1B).

Breadth and epitope specificity of antibody responses. Although the majority of

pediatric HIV infections occur in sub-Saharan Africa where clade C is most prevalent, a
vaccine to prevent breast milk transmission of HIV should ideally provide protection
globally against multiple, different HIV strains. Applying the binding antibody multiplex
assay (BAMA), we tested the specificity of plasma IgG antibodies not only to the vaccine
immunogens C.1086 and TV1 but also to the gp120 proteins of the clade B strain MN
and the clade AE strain A244, the Env proteins used in the RV144 human HIV vaccine
trial. While several animals in various vaccine groups had detectable cross-clade-
specific antibodies, only the infant macaques vaccinated with 3M-052-SE-adjuvanted
HIV Env had developed cross-reactive antibodies to clade AE Env and clade B Env at
week 8 that were comparable in magnitude to those induced to clade C Envs (Fig. 2A).
Consistent with a decline in the overall antibody response from week 8 to week 12,
cross-clade specific antibody levels also declined. The persistence of clade B and clade
AE cross-reactive antibodies was highest in the 3M-052-SE group (Fig. 2B). These data
suggested that the breadth of the Env-specific IgG response was most effectively
enhanced by the 3M-052-SE adjuvant. In both study arms, infants receiving alum-
adjuvanted vaccine exhibited the lowest breadth in their Env responses.

We observed the same hierarchy of responses when we assessed epitope specificity
across clades at week 8 using BAMA. In each study arm, alum-adjuvanted vaccine
induced the lowest responses, and responses were highest in the AS01 group of arm
1 and in the 3M-052-SE group in study arm 2. Independent of the vaccine adjuvant,
plasma IgG responses were strongest to the consensus clade C V3 region, followed by
responses to the V1V2 epitope of C.1086 (Fig. 3). The same epitopes were targeted
when clade B antigens were tested (Fig. 3). At week 12, 6 weeks after the last
immunization, we performed peptide array mapping to determine epitope specificity.
The data confirmed that V3-specific antibodies dominated the antibody response (Fig.
4). Plasma IgG antibodies also recognized epitopes in the C5 and C1 regions. It should
be noted that responses to the V2 region were detectable only against V2 of C.1086 and
not against V2 of the TV1 immunogen, whereas responses against the C2.4 p88-p89
epitope were more pronounced for the TV1 immunogen (Fig. 4).

Avidity of plasma Env-specific antibodies is influenced by adjuvant selection.
Antibody avidity is an important measurement of the strength with which an antibody
can interact with its relevant antigen. Thus, we wanted to test whether the observed
differences in the magnitudes of the plasma IgG responses that were dependent on the
vaccine adjuvant would be reflected in antibody avidity, too. As expected, among the
adjuvant groups tested in each study arm, antibody avidity was lowest in the alum
group (Fig. 5). In arm 1, plasma IgG antibodies specific for the C.1086 immunogen
exhibited avidity similar to that in animals of the AS01- and MF59-adjuvanted vaccine
groups (Fig. 5). Comparable antibody avidity to C.1086 gp120 was also observed when
we compared the avidity scores in animals vaccinated in the presence of 3M-052-SE or
GLA-SE in arm 2 (Fig. 5).

The antibody avidity to the TV1 gp120 immunogen appeared to be slightly lower
than the avidity of plasma IgG antibodies to C.1086, and although not statistically
significant, this trend was observed in both study arms in each of the vaccine groups
(Fig. 6). The reduced antibody avidity to the TV1 gp120 revealed potential differences
in adjuvant activity. Thus, there was a trend toward lower antibody avidity in infants of
the MF59 group than in those in the AS01 group in arm 1. In arm 2, infants that received
3M-052-SE-adjuvanted vaccine had plasma antibodies with significantly higher avidity
(P � 0.0286) to TV1 gp120 than infants in the GLA-SE group (Fig. 5 and 6).
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Impact of adjuvants on ADCC function. In the human RV144 HIV vaccine trial,
antibody-mediated cytotoxicity (ADCC) was identified as one of the immune correlates
associated with reduced HIV infection risk (22, 34, 35). We therefore evaluated ADCC
function at week 8, when Env-specific plasma IgG antibodies were at their peak levels,
and after the initial decline at week 12 (Fig. 1). ADCC activity was measured using target
cells coated with either gp120 C.1086 or with gp120 TV1. In arm 1, the infant macaques
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of the AS01 and the MF59 groups exhibited comparable ADCC activities, as measured
by endpoint titer and maximum granzyme B activity, to the gp120 of C.1086. However,
ADCC activity against TV1 gp120-coated target cells trended lower in the MF59 than in
the AS01 group (Fig. 7A). By week 12, none of the animals in the MF59 group exerted
ADCC activity to TV1 gp120-coated target cells, whereas ADCC activity was still detect-
able in two of four infant macaques of the AS01 group (Fig. 7B). Alum-adjuvanted
control animals in arm 1 had only very low or no detectable ADCC activity (Fig. 7). In
contrast, ADCC activity was detectable in the alum controls of the second study arm
(Fig. 8). It is possible that the commercially obtained alum used in arm 2 contained
some contaminants that may have enhanced immune responses in an unspecific way,
in contrast to the alum utilized in arm 1 that was provided by GlaxoSmithKline (GSK).
However, these findings should not be overinterpreted as we had only two alum
controls in each study arm. The main comparisons were between AS01 and MF59 in
arm 1 and between 3M-052-SE and GLA-SE in arm 2.

The highest ADCC activity of plasma IgG antibodies in vaccinated infants of arm 2
was observed when the vaccine was combined with the 3M-052-SE adjuvant (Fig. 8A
and B). Even at week 12, the highest dilution of plasma at which ADCC activity was still
detectable was higher than that in any other vaccine group. Based on endpoint titer
dilution, the ADCC activity in infants of the GLA-SE group was about 0.5 to 1 log10 lower
(P � 0.0286) (Fig. 8). Maximum granzyme B activity, however, varied widely among the
arm 2 animals, irrespective of the adjuvant, and therefore median granzyme B activities
did not differ between these two adjuvant groups (Fig. 8). Again, vaccine-induced
ADCC activity was higher against the gp120 of C.1086 than against target cells coated
with the TV1 gp120 protein (Fig. 8C).

Vaccine adjuvants alter tier 1 neutralizing antibody responses. Although vac-
cination with Env gp120 monomers is not expected to induce strong neutralizing
antibody responses, tier 1 neutralizing antibodies can be induced (19). Therefore, we
tested whether the neutralizing antibody responses differed depending on the vaccine
adjuvant. In arm 1, clade C tier 1 virus MW965 neutralizing antibodies were poorly
induced (median 50% inhibitory concentration [IC50] below 100) when the vaccine was
adjuvanted with MF59 or alum (Fig. 9). In contrast, inclusion of AS01 as adjuvant
resulted in the induction of tier 1 virus neutralizing antibodies although median titers
at peak plasma IgG responses (week 8) did not exceed a titer of 500. Both 3M-053-SE

FIG 3 Epitope specificity. Plasma IgG antibodies were tested by BAMA at week 8 for specificity to gp70 V1V2 C.1086, gp70 ConC3, gp70 MN V3, and gp70 B.Case
A2 V1V2. Shown are MFI values, with each bar representing a single animal in each of the vaccine groups. Each bar represents the sum of individual responses
measured to a specific protein epitope, with each epitope depicted by a different color, as indicated.
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and GLA-SE were able to increase tier 1 neutralizing antibody titers compared to the
titers with alum in arm 2. Infant macaques vaccinated with Env protein adjuvanted with
3M-052-SE had the highest neutralizing antibody titers at week 8 (median value, 3,083),
and despite a decline by week 12, neutralizing antibodies persisted and remained
higher than those induced by GLA-SE- or alum-adjuvanted vaccine (Fig. 9). Detectable
tier 2 autologous vaccine virus C.1086 neutralizing antibodies were not induced by any
of the vaccine groups (data not shown).

Env-specific B cells in lymph nodes. Antibody responses are primed and undergo
maturation in lymph nodes when antigen-specific B cells receive the necessary signals
from follicular T helper cells. gp120-specific B cell frequencies were measured in axillary
lymph nodes collected 4 weeks after the last immunization. Consistent with the overall
higher C.1086 gp120-specific plasma IgG antibody concentrations, the 3M-052-SE
group was the only vaccine group in which all animals had detectable gp120-specific
B cells in peripheral lymph nodes (Fig. 10).

DISCUSSION

An effective HIV vaccine to prevent breast milk transmission of HIV needs to be
administered with an accelerated schedule and to induce protective immune responses
when the infant’s immune system is still maturing. Ideally, this pediatric vaccine
response could be boosted later in life to provide durable and mature immunity prior
to sexual debut. Both innate and adaptive immune functions are distinct in infants from

FIG 4 Plasma IgG linear epitope mapping by peptide microarray. The heat map shows binding values to specific epitopes of the C.1086 Env (top) or the TV1
Env (bottom) for each animal in each of the vaccine groups in the two different study arms. The legend illustrates that the binding magnitude increases from
less than log2 MFI (white) to �10 log2 MFI (red).
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those in adults, due to limited antigen exposure and the need to simultaneously enable
the establishment of normal beneficial microbial flora and educate the immune system
to recognize pathogenic microbes. To overcome these challenges and optimize infant
vaccine-induced immune responses, adjuvants are likely to play a critical role.

In the current study, we evaluated adjuvants that were selected based on their
translational potential (AS01 and MF59) and on their capacity to specifically enhance
pediatric vaccine responses (3M-052-SE). Toward the goal of developing a pediatric HIV
vaccine, these adjuvants were tested for their abilities to induce Env-specific antibodies
with Fc effector function in response to a bivalent HIV Env vaccine consisting of C.1086
gp120 and TV1 gp120 proteins. We acknowledge that prior studies in adults have
demonstrated that an HIV vaccine consisting of only Env protein will not be sufficient
to prevent HIV infection (36, 37). The focus of our study instead was to compare
different adjuvants for their abilities to improve Env-specific antibody responses in
infants. However, in view of ongoing clinical trials, the bivalent Env vaccine in the
current study contains the same Env proteins currently being tested in the HVTN 702

FIG 5 Antibody avidity. The avidity of plasma IgG antibodies specific for C.1086 or TV1 was measured by SPR at week 8 and at week 12. The avidity score for
each animal is shown, with median values indicated by a horizontal bar for each group. Statistically significant differences in avidity scores were determined
by Mann-Whitney test.
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HIV vaccine trial in adults. The adjuvant for the bivalent Env in the HVTN 702 trial is
MF59. It should be noted that MF59 was demonstrated to be superior to alum in
enhancing gp120 protein vaccine-induced antibody responses in human neonates
almost 20 years ago in the first pediatric HIV vaccine trial (Pediatric AIDS Clinical Trials
Group 230) (27). Yet alum has remained the adjuvant of choice for pediatric vaccines
due to the excellent safety record of licensed vaccines. The results of the current study
in infant macaques affirmed that MF59 enhances the magnitude of Env-specific plasma
IgG responses compared to those with alum. Infant macaques vaccinated with bivalent
Env and AS01 had even higher Env-specific plasma IgG antibody levels than infants that
received the vaccine with MF59 and exhibited improved antibody function. Thus, in
arm 1, avidity and ADCC activity, antibody features associated with protective efficacy
in the human RV144 HIV vaccine trial (22, 34, 35), were highest when AS01 was included
in the Env vaccine. The fact that AS01 is already included in a pediatric vaccine, the
RTS,S malaria vaccine used in the same geographic region where HIV is highly preva-
lent, underscores its translational potential for pediatric HIV vaccines.

In the second arm of the current study, we tested GLA, an adjuvant that is chemically
synthesized and targets TLR4 and is in phase 1/2 clinical testing. GLA was formulated

FIG 6 Avidity differences of plasma IgG antibodies to the different Env immunogens. The graphs show
the avidity scores of plasma IgG antibodies for each animal in each of the vaccine groups measured
against C.1086 gp120 (filled symbols) or TV1 gp120 (open symbols). The avidity scores for the distinct
immunogens are connected by a line for individual animals to illustrate the reduced avidity to TV1
compared to that to C.1086 gp120.
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in stable emulsion (GLA-SE), while AS01 is formulated in liposomes and contains MPL
and QS-21. Therefore, to evaluate the performance of different TLR ligands in the same
formulation, we compared GLA-SE to 3M-052-SE. We chose the TLR7/8 agonist 3M-052
because TLR7/8 agonists are uniquely able to activate neonatal and infant APCs (2, 9).
Indeed, our results demonstrated that the highest breadth and functionality were
observed when infant macaques were vaccinated with the 3M-052-SE-adjuvanted Env
protein (38, 39). Our finding that 3M-052-SE outperformed GLA-SE is consistent with
previous studies documenting the potency of TLR7/8-based adjuvants for pediatric
vaccines. This includes the aforementioned vaccination of neonatal macaques with PCV
in the absence and presence of 3M-052 (15) and a study in which infant macaques
vaccinated with an inactivated influenza vaccine conjugated to the TLR7/8 agonist R848
developed enhanced and sustained antibody responses compared to responses of
infants receiving unadjuvanted vaccine (38, 39). In contrast to alum or oil-in-water
emulsions like MF59, adjuvants based on or incorporating TLR ligands can directly
activate innate responses and thereby improve priming and the induction of adaptive
immune responses by vaccination. The differences observed between GLA-SE and

FIG 7 ADCC activity of plasma antibodies in arm 1. ADCC activity was measured at week 8 (A) and week 12 (B). The left graphs show the log10 endpoint dilution
titer at which ADCC activity was detectable. The area under the concentration-time curve of serial plasma dilutions used to determine the endpoint titer and
maximum granzyme B activity are also shown. Each symbol represents an individual animal; median values for each group are indicated by horizontal bars.
Comparisons of statistical differences in endpoint titers between two different adjuvant groups were determined by a Mann-Whitney test. (C) Endpoint titers
for individual animals to C.1086 gp120-coated target cells (filled symbols) or TV1 gp120-coated target cells (empty symbols) at weeks 8 and 12 for AS01 and
MF59.
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3M-052-SE might be related to the distinct expression patterns of TLR4 and TLR7/8 in
immune cells. Both TLR4 and TLR7/8 are expressed by monocyte/macrophages and
conventional dendritic cells, but TLR7/8 is also expressed by plasmacytoid dendritic
cells (40). Furthermore, depending on the cell type, the specific TLR ligand, and its
concentration and formulation, different intracellular signaling pathways will be acti-
vated that will result in specific gene and protein expression patterns (41–43).

The superior adjuvant activities of AS01 in arm 1 and of 3M-052-SE in arm 2 were
underscored by the analysis of Env-specific antibody responses to the TV1 immunogen
that appeared to be less immunogenic than gp120 of C.1086. These differences in
immunogenicity between the two distinct clade C Envs was unexpected because in
both the initial rabbit studies and a subsequent adult rhesus macaque study, purified
gp120 of TV1 and C.1086 induced plasma IgG antibodies of similar magnitudes and
with comparable avidities (20, 21). However, it has been reported previously that

FIG 8 ADCC activity of plasma antibodies in arm 2. ADCC activity was measured at week 8 (A) and week 12 (B). The left graphs show the log10 endpoint dilution
titer at which ADCC activity was detectable. The area under the concentration-time curve of serial plasma dilutions used to determine the endpoint titer and
maximum granzyme B activity are also shown. Each symbol represents an individual animal; median values for each group are indicated by horizontal bars.
Comparisons of statistical differences in endpoint titers between two different adjuvant groups were determined by a Mann-Whitney test. (C) Endpoint titers
for individual animals to C.1086 gp120-coated target cells (filled symbols) or TV1 gp120-coated target cells (empty symbols) at weeks 8 and 12 for 3M-052-SE
and GLA-SE.
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antibodies elicited to C.1086 Env exhibit better binding to V1V2 epitopes than anti-TV1
Env antibodies and that the V1V2 recognition by C.1086 Env-specific antibodies is
highly similar to that observed in response to the AE.A244 Env immunogen that was
included in the RV144 trial (21, 22). Consistent with this finding, linear epitope mapping
revealed reduced binding of plasma IgG antibodies to the V2 p53-p55 epitope of TV1
Env compared to that of the C.1086 Env.

Overall, the data presented support the idea that adjuvants for pediatric vaccines
should be, and need to be, tested in infants for their potential to enhance infant
immune responses. Of interest, our data suggest that both AS01 and 3M-052-SE can
significantly improve HIV Env-specific antibody responses in infant macaques and
sustain these responses better than alum.

The results of this pilot preclinical study revealed interesting differences between
adjuvants that should lead to further exploration of the mechanisms leading to
adjuvant-improved antibody responses and to identification of targets for further
adjuvant and vaccine optimization.

MATERIALS AND METHODS
Animals. SIV- and type D retrovirus-negative newborn Indian-origin rhesus macaques (Macaca

mulatta) were hand-reared in the nursery of the California National Primate Research Center ([CNPRC]

FIG 9 Tier 1 neutralizing plasma antibodies. Neutralization of tier 1 clade C viruses by plasma was measured in TZM.bl cells using
MW965.LucR.T2A.ecto/293T at weeks 8 and 12. The reduction of luciferase reporter gene expression after a single round of infection was
determined, and the plasma dilution or antibody concentration that caused a 50% reduction in relative light units (RLUs) compared to the RLU
values for the virus control wells after subtraction of control RLU values are reported. The preimmunization time point (week 0) was used to
measure background levels of neutralization. Each symbol represents an individual animal; median values for each group are indicated by
horizontal bars. Comparisons of statistical differences in endpoint titers between two different adjuvant groups were determined by Mann-
Whitney test.

FIG 10 Antigen-specific B cells in lymph nodes. Frequencies of gp120-specific B cells were measured by
flow cytometric analysis in lymph node cell suspensions at week 10, 4 weeks after the last immunization.
Each symbol represents an individual animal, and horizontal bars represent median group values. Note
that due to limited cell numbers, gp120-specific B cells could be quantified in only 2 of 4 infants of the
GLA-SE group.
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Davis, CA) in accordance with the American Association for Accreditation of Laboratory Animal Care
standards. The Guide for the Care and Use of Laboratory Animals by the Committee on Care and Use of
Laboratory Animals of the Institute of Laboratory Resources, National Resource Council (44), and the
International Guiding Principles for Biomedical Research Involving Animals (45) were strictly adhered to. All
protocols were reviewed and approved by the University of California at Davis Institutional Animal Care
and Use Committee prior to the initiation of the study. We randomly assigned 24 infant macaques
between 3 and 7 days of age, when the first immunization was administered, to the various groups. For
both vaccinations and sample collections, animals were anesthetized with 10 mg/kg of ketamine-HCl
(Parke-Davis, Morris Plains, NJ) via the intramuscular (i.m.) route.

Animal immunization regimens. Based on the source of Env immunogens and adjuvants, the study
was divided into two separate arms. In arm 1, the Env proteins gp120 C.1086 and gp120 TV1 plus the
following adjuvants were provided by GSK: aluminum hydroxide [Al(OH)3]; AS01, which is a liposome-
based formulation containing MPL and QS-21 (Quillaja saponaria Molina fraction 21, licensed by GSK
from Antigenics LLC, a wholly owned subsidiary of Agenus, Inc., DE, USA); and MF59 (a trade name of
Novartis). Env proteins and adjuvants were mixed according to the protocol provided by GSK. For the
alum group, Al(OH)3 was mixed with gp120 C.1086 and gp120 TV1 by magnetic agitation for 60 to 120
min. After addition of NaCl (1,500 mM), the Env protein-adjuvant mix was agitated for an additional 30
min. This Env protein-alum vaccine was allowed to mature for 7 days at 4°C prior to use for immunization.
The Env vaccines adjuvanted with AS01 or MF59 were prepared on the day of immunization by mixing
and agitating the two Env proteins and the adjuvant for 15 min. Animals were immunized immediately
thereafter.

For the immunizations of the animals in arm 2, the recombinant gp120 proteins for C.1086_
D7gp120K160N and TV1 were produced in 293T cells as described previously (46). Alum [Al(OH)3] was
obtained from the Vaccine Production Program at the Vaccine Research Center, National Institutes of Health.
The GLA-SE and 3M-052-SE adjuvant formulations were prepared by IDRI. Env proteins and adjuvant were
mixed just prior to immunization.

The animals in all groups were immunized at weeks 0, 2, and 6 by the i.m. route with 15 �g of C.1086
gp120 and 15 �g of TV1 gp120 plus adjuvant (Table 1).

Sample collection and processing. Samples for antibody analysis were collected at week 4 and 10,
2 weeks after the second and third immunizations, respectively. A single peripheral lymph node biopsy
(axillary LN) was performed at week 10. All animals were followed for a total of 12 weeks, when a final
blood sample was collected. Plasma was obtained from blood by centrifugation and stored at �80°C.
Peripheral blood mononuclear cells (PBMCs) and lymph node cell suspensions were prepared as
described previously (29, 31).

Measurement of HIV Env-specific antibodies by ELISA. The plasma concentrations of HIV Env-
specific antibodies were determined by enzyme-linked immunosorbent assay (ELISA) as previously
described (19). The concentration of HIV Env-specific IgG was calculated using a five-parameter fit curve
relative to the standard using SoftMax Pro, version 6.3, software (Molecular Devices). To account for
nonspecific binding, the positivity cutoff was selected as the concentration corresponding to three times
the optical density (OD) of blank wells.

A binding antibody multiplex assay for plasma antibodies was performed as described previously
(19). IgG binding was expressed as mean fluorescence intensity (MFI). To control for nonspecific binding,
the MFI of sample binding to unconjugated blank beads was subtracted from the MFI of each antigen.
An HIV-specific antibody response was considered positive if it had MFI values both above (i) the mean
MFI plus 3 standard deviations (SD) of preimmunized plasma samples at week 0 and (ii) the lower
detection limit of 100 MFI. The 50% effective concentration (EC50) and maximum MFI values of the
standards (b12R1, HIV IgG [HIVIG], and IgG from HIV-vaccinated rhesus macaques [RIVIG]) were tracked
by Levy-Jennings charts to ensure consistency between assays (19).

Plasma antibody linear epitope mapping. Plasma IgG linear epitope mapping by peptide microar-
ray was performed as previously described (19). Array slides were scanned at a wavelength of 635 nm
with an InnoScan 710 scanner (Innopsys, Carbonne, France) using the extended dynamic range (XDR)
mode. Images were analyzed using MagPix, version 7.4.1, software (Luminex Corporation) to obtain
binding intensity values for all peptides. Binding values for preimmune serum from each animal were
subtracted from the postimmunization binding values for each peptide. Binding magnitude to each
epitope was defined as the highest binding to a single peptide within the epitope region.

Avidity assays. The avidity of anti-C.1086 gp120 or anti-TV1 gp120 plasma IgG antibodies was
measured by surface plasmon resonance (SPR) as described previously (19). SPR measurements of
purified plasma IgG avidity were performed using a Biacore 4000 instrument (GE Healthcare). Nonspecific
binding of a preimmune (time zero) sample was subtracted from binding data for each postimmuniza-
tion IgG sample. Data analyses were performed with BIAevaluation 4000 and BIAevaluation 4.1 software
(BIAcore/GE Healthcare). Binding responses were measured by averaging postinjection response units
(RU) over a 10-s window, and the dissociation rate constant, kd (s�1), was measured during postinjection
phase (after stabilization of signal). Positive response was defined as when the RU value was �10. The
relative avidity binding score is calculated as follows: avidity score (in response units) � (number of
binding response units/kd).

Neutralization assays. Neutralization of tier 1 and tier 2 clade C viruses by plasma was measured in
TZM-bl cells by the reduction in luciferase reporter gene expression after a single round of infection, as
described previously (47). Neutralization was assessed using MW965.LucR.T2A.ecto/293T (tier 1). The
broadly neutralizing antibodies b12R1 and VRC01 were used as positive controls. The 50% inhibitory
dose (ID50) was calculated as the plasma dilution or antibody concentration that caused a 50% reduction
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in number of relative light units (RLU) compared to values for the virus control wells after subtraction of
the value for the controls. The preimmunization time point (week 0) was used to measure background
levels of neutralization.

ADCC assay. The GranToxiLux (GTL) assay was used to detect plasma ADCC activity directed against
CCR5� CEM.NKR T cells (AIDS Reagent Program, contributed by Alexandra Trkola) coated with C.1086
gp120 or clade C TV1 gp120 as described previously (19, 48). ADCC activity was measured in 4-fold serial
plasma dilutions starting at 1:100. Cryopreserved human PBMCs from an HIV-seronegative donor with
the 158F/V genotype for Fc�RIIIa were used as the source of effector cells (49). Data were reported as the
proportion of cells positive for proteolytically active granzyme B out of the total viable target cell
population after subtraction of the background activity observed in wells containing effector and target
cells in the absence of plasma. ADCC endpoint titers were determined by interpolating the dilutions of
plasma that intercept the positive cutoff.

Detection of HIV Env-specific B cells. Lymph node cell suspensions were treated with 5 �M Chk2
Inhibitor II (Sigma) and 1% bovine serum albumin (BSA; Sigma) and blocked with 6.25 �g/ml anti-human
CD4 (BD) at 4°C for 15 min. Cells were then costained with custom-conjugated BV421-gp120 (C.1086) and
Alexa Fluor 647 (AF647)-gp120 (C.1086) prepared as described previously (50). Paraformaldehyde-fixed
samples were acquired on a BD LSRFortessa instrument and analyzed using FlowJo software, version 10
(TreeStar, Ashland, OR). The following gating strategy was applied: lymphocytes were gated on singlets,
live cells were selected to gate on CD3� T cells, CD14� (monocytes/macrophages) cells, or CD20� B cells.
Only B cells positive for both BV421-gp120 and AF647-gp120 were considered HIV Env specific, and these
populations were normalized against data from nonimmunized control animals.

Statistical analysis. Due to the pilot study nature of this research, the statistical analysis was limited.
Results obtained in animals that received alum-adjuvanted Env protein could not be compared to results
of any other vaccine group because a group size of 2 is too small. Vaccine responses were compared only
between the AS01 and MF59 groups in arm 1 and between the 3M-052-SE and GLA-SE groups in arm 2.
Data were analyzed by a Mann-Whitney test using GraphPad Prism Software (version 6; GraphPad, Inc.,
La Jolla, CA), with P value of �0.05 being considered statistically significant.
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